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evoked action potentials; bladder mechanosensitive and chemosensitive afferent nerves; purinergic receptors AFFERENT ACTIVITY ARISING in the bladder and urethra is conveyed to the central nervous system by three sets of nerves (15) . The most important afferents for initiating the micturition reflex are those traveling in the pelvic nerve to the sacral spinal cord (16, 17) . The afferents consist of small myelinated (A␦) and unmyelinated (C) axons and convey impulses from tension and volume receptors as well as nociceptors in the bladder wall (15) (16) (17) 32) . The afferent nerves are located in the smooth muscle, as well as the serosal and urothelial layers of the bladder (21, 22) . Electrophysiological studies in cats showed that A␦ afferent fibers respond in a graded manner to passive distension as well as active contraction; however, the C-fiber afferents can be only activated by noxious stimuli (23, 24) . In rats, C fiber as well as A␦ fiber afferents respond to bladder distension as well as chemical irritation (16, 32, 40) . Many substances, especially irritant chemicals and inflammatory mediators, are able to activate bladder afferents and/or modulate their mechanosensitive properties (9, 23, 24, 34, 35, 37, 38, 40) .
Considerable attention has been focused on ATP as a modulator of afferent nerve excitability (2, 6, 9, 11, 33, 38) . Immunocytochemical studies revealed that P2X and P2Y receptors are expressed in bladder afferent nerves and urothelial cells (3, 7, 8, 31) . ATP can be released from the urothelium by mechanical or chemical stimulation (2, 19, 20, 28, 43) and is thought to act on adjacent afferent nerves or in an autofeedback manner on urothelial cells to modulate sensory mechanisms in the bladder (2, 12, 18 -20) . There is considerable evidence suggesting that extracellular ATP modulates afferent nerve excitability by activating P2X receptors (6) . Among the seven P2X receptor subtypes that have been identified, P2X 2 and P2X 3 subtypes have been implicated in the sensitization of peripheral afferent nerves (6, 10 -12) . P2X 3 and P2X 2/3 receptors are expressed in small-diameter afferent neurons in dorsal root ganglia (10, 12) and in afferent nerves in the suburothelial plexus in the bladder wall (3, 12) . Intravesical administration of ATP activates bladder afferent fibers and enhances reflex bladder activity (34, 37) . On the other hand, afferent activity induced by bladder distention is significantly reduced in P2X 3 knockout mice (12) or by administration of a P2X receptor antagonist (33, 34, 38) . These data indicate that purinergic receptors are involved in mechanosensory signaling in the bladder (33, 38, 47a) . P2X 3 receptors may also be involved in pain induced by chronic inflammation or urinary urgency (7, (11) (12) (13) .
Cyclophosphamide (CYP)-induced cystitis has been used as a model to study bladder-related pain (1, 14, 30, 35, 46) and inflammation. Inflammation is accompanied by an increased release of biologically active chemicals such as ATP (7, 42) and neurotrophic factors (e.g., NGF) (47) that can sensitize afferent nerves. In the present study, we used an in vitro whole bladderpelvic nerve preparation to compare the effects of purinergic agonists (␣,␤-meATP and ATP) and CYP-induced cystitis on the activity of bladder mechanosensitive afferents in male rats. Preliminary data have been presented in an abstract (49) .
MATERIALS AND METHODS
Male Sprague-Dawley rats (100 -170 g body wt) were anesthetized with ketamine (50 mg/kg im). The urinary bladder, urethra, prostate gland, seminal vesicles, and innervation including the pelvic nerves and the major pelvic ganglia were removed, placed in a 20-ml bath that was perfused with Krebs solution (1 ml/min) at a temperature of 27°C, and continuously bubbled with 95% O 2-5% CO2. The Krebs solution had the following composition (in mM/l): 128 NaCl, 1.8 KCl, 22 NaHCO 3, 1.5 KH2PO4, 1.3 MgSO4, 10 glucose, 0.4 CaCl2, 0.4 H 2O2 at pH 7.4. A catheter (PE-50) was inserted into the bladder through the urethra and then connected to an infusion pump and to a pressure transducer to monitor bladder activity and to infuse Krebs solution intravesically. One pelvic nerve was placed in an adjacent chamber filled with paraffin oil and positioned on silver bipolar electrodes for recording multiunit afferent nerve activity. Standard electrophysiological methods were used to amplify and analyze the afferent nerve activity. Multiunit afferent firing induced by bladder distention was measured (spikes/s) using a pulse height discriminatorratemeter, displayed on a rectilinear paper recorder, and also recorded on a VCR for later off-line analysis. Afferent activity was elicited by isotonic bladder distention with Krebs solution for periods of 30 s at 10, 20, 30, and 40 cmH 2O or by intravesical infusion of Krebs Top traces represent bladder contractile activity measured as intravesical pressure. Middle traces represent afferent nerve firing. Bottom traces represent ratemeter recording of afferent nerve firing. C: evoked action potentials recorded on the pelvic nerve at the stimulus intensity of 80 V and 0.15-ms duration. D: evoked action potentials after intravesical infusion of 2% lidocaine at the same stimulation parameters as in C. Note that lidocaine blocked pelvic afferent nerve firing and evoked action potentials but did not abolish the bladder contractions. Vertical calibrations in A and B are intravesical pressure in cmH2O, nerve activity in V, and spikes/s. Horizontal calibration represents 2 min. Vertical calibration in C and D is in V and horizontal calibration represents 0.3 s.
solution at a filling rate of 0.04 ml/min. The effect of intravesical administration of ␣,␤-meATP (40 and 130 M in Krebs solution) was also examined. ATP was added to the bath solution to produce a final concentration of 2 mM. These concentrations of purinergic agonists were selected based on previous studies in isolated bladder (38, 49) . Afferent responses were also elicited by electrical stimulation (0.15-ms pulse duration) using a pair of silver electrodes positioned on the serosal surface of the bladder close to the neck of the bladder. The distance between the stimulating electrodes was 1.5 mm. The diameter of the stimulating electrodes was 0.25 mm. The distance between stimulating and recording electrodes ranged between 11 and 13 mm. Based on the latencies of evoked action potentials in the pelvic nerve and the distance between stimulus and recording sites, the conduction velocities of the afferent nerves were calculated. In some experiments (n ϭ 12), 100 mg/kg CYP or its vehicle (n ϭ 10) was injected intraperitoneally 17 h before experiments to induce cystitis (34) . All procedures utilized in this study were approved by University of Pittsburgh, Institutional Animal Care and Use Committee.
Data analysis. Multiunit recordings of afferent activity are presented as peak firing frequency in spikes/s recorded under isovolumic conditions for 20 min after filling the bladder with 0.32 ml of Krebs solution or during isotonic bladder distension to different pressures. The resting activity of afferent nerves was counted for 1 min before the start of bladder filling. The Lab View program (National Instrument) was used to analyze the area (V ⅐ ms) of the action potentials evoked by electrical stimulation. All data are expressed as means Ϯ SE. Results were evaluated using two-way ANOVA and when the test showed statistical significance (P Ͻ 0.05) it was followed by t-test (paired or unpaired for different experiments) using Prism 4 program (GraphPad Software, San Diego, CA).
Drugs. ATP, ␣,␤-meATP, 2Ј,3Ј-o-trinitrophenyl-ATP (TNP-ATP), and pyridoxal 5-phosphate 6-azophenyl-2Ј,4Ј-disulfonic acid (PPADS) (all obtained from Sigma) were diluted to final concentration in Krebs solution with the pH adjusted to 7.4. CYP (Sigma) was dissolved in distilled water at 40 mg/ml concentration for intraperitoneal injection. 2,3-Butanedione monoxime (BDM; Sigma) was dissolved in Krebs solution to the final concentrations.
RESULTS
Multiunit pelvic nerve afferent activity induced by distention of the bladder. With the bladder empty, the asynchronous multiunit afferent firing on the pelvic nerve was at a very low level (Ͻ1 spike/s; Fig. 1 ). When the bladder was filled by intravesical infusion of Krebs solution at the rate of 0.04 ml/min for 8 min, bladder pressure and afferent firing increased gradually (Fig. 1A) and the bladder developed spontaneous rhythmic contractions. Two components of afferent activity were identified: 1) phasic firing which occurred during bladder contractions and 2) tonic firing which occurred between bladder contractions (Fig. 1, A and C) . Firing reached a peak 5-7 min after the start of bladder infusion and slowly declined after the infusion was stopped at 8 min. The maximum intravesical pressure during bladder contractions was 12.6 Ϯ 3.0 cmH 2 O and the average frequency of spontaneous bladder contractions was ϳ1/min (n ϭ 16). The average peak afferent firing rate was 27 Ϯ 3 spikes/s (n ϭ 16). After emptying the bladder, the spontaneous bladder contractions and afferent firing returned to control levels (Fig. 1B) . The response to bladder distension could be repeated several times (Fig. 1C ) and responses remained stable for more than 1 h. In some experiments, afferent nerve firing was elicited by isotonic distension of the bladder for 30 s at 30-s intervals with Krebs solution at 10, 20, 30, and 40 cmH 2 O (see Fig. 4A ) to evaluate the pressure response properties of afferent activity. The maximum firing during isotonic bladder distension was 22 Ϯ 6 spikes/s at 10 cmH 2 O, 46 Ϯ 7 spikes/s at 20 cmH 2 O, 56 Ϯ 8 spikes/s at 30 cmH 2 O, and 64 Ϯ 9 spikes/s at 40 cmH 2 O (n ϭ 6).
To evaluate the possibility that afferent nerve activity was contaminated by movement artifacts due to bladder contractions, we examined the effect of a local anesthetic agent, 2% lidocaine (n ϭ 4), on bladder contractions and pelvic afferent nerve activity (Fig. 2) . Intravesical injection of the local anesthetic abolished the phasic afferent nerve firing and the electrically evoked compound action potentials but did not abolish the spontaneous bladder contractions (Fig. 2, B and D) . Effects of lidocaine occurred within 2-3 min after injection.
Effects of purinergic agonists and antagonists on bladder activity and pelvic nerve afferent firing. The effects of two purinergic agonists, ␣,␤-meATP administered intravesically and ATP administered in the bath, were evaluated on bladder activity and afferent firing. Intravesical administration of 40 and 130 M ␣,␤-meATP in a volume of 0.32 ml did not significantly change the maximum amplitude of bladder contractions (12.31 Ϯ 2.8 cmH 2 O, n ϭ 12 in 40 M and 13.68 Ϯ 1.7 cmH 2 O, n ϭ 8 in 130 M ␣,␤-meATP) or the frequency of the contractions (Fig. 3 , B and D), but significantly increased the peak afferent firing that occurred during spontaneous bladder contractions and the tonic afferent firing occurring between bladder contractions (Fig. 3, B and D) . This study focused on the phasic firing. The effect of ␣,␤-meATP on afferent firing occurred within 3 min after the start of infusion and reached a peak in 5-7 min and then slowly declined after the infusion was stopped at 8 min. The peak afferent nerve discharge was 53 Ϯ 6 spikes/s at the concentration of 40 M ␣,␤-meATP (n ϭ 12) and 61 Ϯ 2.4 spikes/s at the concentration of 130 M ␣,␤-meATP (n ϭ 8). The facilitatory effects of the agonist were prevented by administration of a P2X receptor antagonist, TNP-ATP (30 M, intravesical injection; Fig. 3, C and D) , or PPADS (30 M bath concentration), a nonselective purinergic receptor antagonist. Neither TNP-ATP (30 M, n ϭ 6) nor PPADS (30 M, bath concentration, n ϭ 3) administered alone in the absence of ␣,␤-meATP significantly altered bladder activity or afferent firing during intravesical infusion of the bladder with Krebs solution at the rate of 0.04 ml/min for 8 min or isotonic distension of the bladder with Krebs solution at 10, 20, 30, and 40 cmH 2 O for 30 s (Fig. 4) .
In other experiments (n ϭ 11), the effects of 2 mM ATP administered in the bath solution to the serosal surface of the bladder were evaluated after intravesical infusion of Krebs solution into the bladder (0.32 ml). ATP elicited a largeamplitude bladder contraction and a large burst of afferent nerve firing (Fig. 5A ). The effects of ATP occurred within 1 min and lasted a few minutes. Following the initial excitatory response to ATP, spontaneous bladder contractions and phasic firing were abolished (Fig. 5A) .
Because ATP can induce a bladder contraction, it is possible that the afferent activity induced by ATP was due to indirect activation of mechanosensitive afferents by the increased tension in the bladder wall. To determine whether ATP was acting directly on the afferent nerve terminals or indirectly by inducing a smooth muscle contraction, another series of experiments was conducted to examine the effects of BDM, an ATPase and Ca 2ϩ release inhibitor, on bladder activity (n ϭ 6). BDM is known to block smooth muscle contractions (3). The effects of ATP on bladder activity were assessed after adding BDM to the bath in a range of concentrations (20, 40, 60 , and 80 mM). At concentrations of 20, 40, and 60 mM, BDM partially blocked spontaneous bladder contractions and reduced the 2 mM ATP evoked bladder contractions (Fig. 5B ). After 80 mM BDM which reversibly abolished spontaneous bladder contractions, ATP still initiated an increase in pelvic afferent nerve firing within 1 min (Fig. 5C) . However, the excitatory effect of ATP was markedly reduced (Ͻ50% of control). After BDM was washed out, spontaneous bladder contractions and afferent nerve firing returned within 60 min (Fig. 5D) .
Effects of purinergic agonists on evoked compound action potentials in pelvic afferent nerves. To identify the types of bladder afferent nerves affected by purinergic agonists, axons on the serosal surface of the bladder close to the bladder neck were electrically stimulated with bipolar electrodes and evoked compound action potentials were recorded on the pelvic nerve. The voltage threshold for evoking action potentials with the bladder filled with Krebs solution was 9.0 Ϯ 1.2 V (0.15-ms pulse duration, n ϭ 14). Action potentials were characterized by shortand long-latency components corresponding to axonal conduction velocities ranging from 10 to 0.3 m/s at 27°C. The largest amplitude action potential in the recording occurred at short latencies and was biphasic. Lower amplitude potentials occurred at slower conduction velocities ranging from 0.3 to 1.0 m/s.
After intravesical administration of ␣,␤-meATP (130 M), the threshold for evoked compound action potentials decreased to 3.5 Ϯ 0.5 V (n ϭ 8, P Ͻ 0.05; Fig. 6A ) and the area of action potentials including the short-and long-latency potentials evoked at a submaximal stimulus intensity (80 V, 0.15-ms duration) increased from 4.1 Ϯ 1.4 to 9.2 Ϯ 3.0 V⅐ms (P Ͻ 0.05; Fig. 6, B and C) . The effects induced by intravesical administration of ␣,␤-meATP were blocked by 30 M TNP-ATP (n ϭ 7; Fig. 6 ).
Administration of ATP (2 mM bath concentration) produced a similar decrease in the threshold for the evoked action potential from 8.3 Ϯ 0.9 to 4.9 Ϯ 1.0 V (n ϭ 7, P Ͻ 0.05; Fig. 7A ) and an increase in the area of the evoked action potentials from 4.6 Ϯ 0.7 to 10.9 Ϯ 1.1 V⅐ms (n ϭ 7, P Ͻ 0.05). The excitatory effects of ATP were blocked by bath application of 30 M PPADS (Fig. 7B) . The effects induced by purinergic agonists could be repeated several times after more than 60-min washout with Krebs solution.
Pelvic afferent nerve activity after CYP-induced chemical cystitis. The bladder was irritated by pretreating with CYP (100 mg/kg ip, n ϭ 12), 17 h before the experiments (35, 49) . In these rats, the urine was pink or red indicating the presence of hemorrhagic cystitis and in some preparations (n ϭ 4) the pattern of the bladder contractions during intravesical infusion was different than in vehicle-treated preparations. In these experiments during the initial period of intravesical infusion, the bladder pressure increased markedly, but declined after the infusion was completed, leading to the emergence of phasic contractions (Fig. 8A) . In the remaining experiments, the bladder activity was similar to that in vehicle-treated preparations (n ϭ 8; Fig. 8B ). After filling the bladder with Krebs solution at the rate of 0.04 ml/min for 8 min, the maximal pressure of the rhythmic bladder contractions was not changed after CYP pretreatment (maximal pressure 12.4 Ϯ 1.4 cmH 2 O in CYP pretreatment preparations and 13 Ϯ 1.0 cmH 2 O in vehicletreated preparations). However, the pelvic nerve afferent firing was larger in CYP-pretreated experiments (69 Ϯ 16 spikes/s) than in vehicle-treated preparations (26 Ϯ 5 spikes/s, P Ͻ 0.05, n ϭ 9). It should be noted that the magnitude of the peak afferent firing in CYP-treated experiments showed considerable variability ranging from 27 to 188 spikes/s in different experiments. This may be due to the variable irritation induced by CYP treatment in different animals or a variable number of active fibers in each multiunit afferent fiber recording. In some experiments, afferent nerve activity was induced by isotonic distention of the bladder with Krebs solution at 10, 20, 30, and 40 cmH 2 O for 30 s (Fig. 9A) . The peak afferent firing was 29 Ϯ 3, 67 Ϯ 9, 82 Ϯ 4, and 91 Ϯ 5 spikes/s (n ϭ 4) at bladder pressures of 10, 20, 30, and 40 cmH 2 O, respectively. After intravesical administration of TNP-ATP (30 M), the afferent nerve firing induced by 10 cmH 2 O bladder pressure was significantly decreased more than 62%, from 29 Ϯ 3 to 11.3 Ϯ 4.0 spikes/s (P Ͻ 0.05, n ϭ 4). TNP-ATP also decreased by 25-45% the afferent nerve firing induced by higher bladder pressures (20 -40 cmH 2 O), but these changes were not statistically significant (P Ͻ 0.05, n ϭ 4). After bath application of PPADS (30 M), the afferent nerve firing significantly decreased 52% at the bladder pressure of 10 cmH 2 O (P Ͻ 0.05, n ϭ 5; Fig. 9 , B and E), but the decrease in afferent nerve firing at bladder pressures of 20, 30, and 40 cmH 2 O was not statistically significant (P Ͼ 0.05).
The threshold for evoked action potentials in CYP-pretreated preparations was significantly lower (3.1 Ϯ 0.5 V, n ϭ 12, P Ͻ 0.05) compared with vehicle-pretreated preparations (8.8 Ϯ 0.2 V). The area of evoked action potentials at a submaximal stimulation intensity (80 V, 0.15 ms) was also increased from 4.0 Ϯ 0.8 V⅐ms in vehicle-treated preparations (n ϭ 9) to 9.0 Ϯ 2.0 V⅐ms in CYP-treated preparations (Table 1 ), but this change was not statistically significant (P Ͼ 0.05). TNP-ATP increased the threshold for evoked action potentials by 75% (P Ͻ 0.05, n ϭ 5) and the area of evoked action potentials decreased 46% (P Ͻ 0.05, n ϭ 5; Table 2 ). After bath application of PPADS (30 M), the threshold for evoked action potentials increased 80% (P Ͻ 0.05, n ϭ 5), and the area of evoked action potentials decreased (P Ͻ 0.05, n ϭ 5; Fig. 9 , C, D, and F, and Table 2 ).
DISCUSSION
The present study used a rat in vitro whole bladder-pelvic nerve preparation to compare the effects of purinergic agonists (␣,␤-meATP and ATP) and chemically induced cystitis on the activity of mechanosensitive bladder afferent nerves. The results indicate that purinergic agonists can increase the peak firing of pelvic afferent nerves elicited by distension and/or contraction of the urinary bladder, decrease the threshold for evoked compound action potentials, and increase the area of the action potentials elicited by submaximal electrical stimulation. The effects of purinergic agonists were blocked by TNP-ATP, a P2X receptor antagonist, or PPADS, a nonselective purinergic receptor antagonist, suggesting that purinergic receptors are involved in these responses. CYP-induced chemical cystitis produced effects on bladder afferent nerve activity that mimicked the sensitizing effect of purinergic agonists. These effects were also reduced by TNP-ATP or PPADS, suggesting that purinergic mechanisms contribute to the afferent sensitization induced by CYP.
In the urinary bladder of both humans and animals, afferent nerve terminals have been identified suburothelially in a dense nerve plexus that lies immediately beneath and extending into the urothelium (21, 22, 48) as well as in the smooth muscle (16, 17, 32, 41, 48) . These afferents monitor the volume of the bladder and intramural tension as well as the chemical environment (15) (16) (17) . Immunohistochemical studies showed that P2X 3 -immunoreactive sensory fibers terminate in the suburothelial layer of the bladder wall in the mouse (12), rat, and cat (3, 17) . It has been proposed that ATP released by urothelial cells in response to bladder distention activates afferent nerves via an interaction with P2X 3 or P2X 2/3 receptors and in turn facilitates the micturition reflex or induces painful bladder sensations (11, 33) . In this study we could not detect a (12) Values are means Ϯ SE. The number in brackets represents number of experiments. Measurements are significantly different before and after agonists or between vehicle controls and CYP treatment (*P Ͻ 0.05) and †P Ͻ 0.01). The area of evoked action potentials was measured at submaximal stimulation (80 V, 0.15 ms). CYP, cyclophosphamide. significant decrease in the afferent firing induced by bladder distention after application of TNP-ATP or PPADS in normal bladders. This suggests that release of the endogenous transmitter ATP under the conditions of our experiments was not involved in triggering mechanosensitive pelvic afferent nerve activity even though exogenously applied ATP or ␣,␤-meATP did increase afferent firing. A similar finding has been reported in the guinea pig bladder (50, 51) .
In our study, bipolar silver electrodes were positioned on the serosal surface of the bladder close to the neck to directly excite the afferent axons. Stimulation in this area consistently evoked an action potential in the pelvic nerves. Since the stimulation electrode was positioned on the serosal surface of the bladder, the electrical current could excite axons on the bladder surface but also might pass through the bladder wall to excite intramural axons or even the afferent nerve terminals near the urothelium. While the site for activation of afferent nerves is uncertain, it is nevertheless noteworthy that purinergic agonists increased the excitability at that site, as evidenced by a lower electrical threshold and increased area of the evoked action potentials. Modulation of peripheral axonal excitability in the rat vagus and sciatic nerves by neurotransmitters has also been described (29, 39) . Using a combination of threshold tracing and confocal Ca 2ϩ imaging techniques, Irnich et al. (27, 29) showed that ATP affects both unmyelinated C fiber axons and Schwann cells in peripheral nerves. In our study, administration of purinergic agonists onto the serosal surface of the bladder or intravesical infusion into the bladder decreased the electrical threshold for evoking action potentials in afferent nerves, while the areas of evoked action potential at submaximal stimulus intensities were increased. These results imply that purinergic agonists might affect receptors distributed along bladder afferent axons as they pass through the bladder wall, as well as afferent terminals near the urothelium. Thus afferent purinergic receptors might be responsive to ATP released at all sites in the bladder wall and thereby increase afferent nerve firing.
In the present study, the firing of pelvic afferent fibers induced by bladder distention was facilitated by intravesical application of the P2X receptor agonist, ␣,␤-meATP. It seems that the increased afferent firing was not due to the effects of the purinergic agonist on bladder smooth muscle because neither the intravesical pressure nor the amplitude of bladder contractions increased significantly after intravesical administration of ␣,␤-meATP, suggesting that this agent applied intravesically was affecting the afferent nerves and not smooth muscle. Since the increased afferent activity following application of ␣,␤-meATP could be blocked by intravesical TNP-ATP, a P2X receptor antagonist, it is reasonable to conclude that pelvic afferent nerve sensitization induced by intravesical application of ␣,␤-meATP was mediated by P2X receptors located in suburothelial afferent nerves and/or on the urothelial cells which express purinergic receptors and could in turn release ATP or other transmitters (18, 20, 43) . Thus intravesical administration of ␣,␤-meATP in this study could influence afferent nerve activity via multiple mechanisms: 1) direct action on P2X receptors in urothelial cells, 2) direct action on P2X receptors in afferent nerve terminals, or 3) combined action on P2X receptors in urothelial cells and afferent nerve terminals.
In rat and human urinary bladder smooth muscle, activation of P2X purinoceptor subtypes evokes bladder contractions (8, 36, 44) . Our results show that ATP applied to the serosal surface of the bladder can increase pelvic nerve firing as well as the amplitude of bladder contractions, indicating that ATP activated mechanosensitive afferent nerve terminals as well as smooth muscles. To distinguish between a direct effect of ATP on afferent nerves and an indirect effect due to bladder smooth muscle contractions that in turn activate afferent nerve firing, we used an excitation-contraction uncoupler, butanedione monoxime (BDM), to abolish the bladder contractions. BDM is a reversible myosin ATPase inhibitor with phosphatase-like properties. Because of its ability to uncouple skeletal and cardiac muscle contraction, BDM has been used to produce cardioplegic arrest (4) . BDM in a concentration of 60 mM abolished the spontaneous bladder contractions completely. However, serosal administration of 2 mM ATP still induced a small bladder contraction. A higher concentration of BDM (80 mM) abolished the ATP-evoked bladder contractions completely but did not completely block the ATP effect on afferent firing. These results indicate that part of the pelvic nerve afferent firing induced by administration of ATP to the serosal surface is directly mediated by P2X receptors in afferent nerves but partly mediated by evoking bladder contractions.
Many studies indicated that ATP is involved in peripheral pain signaling by actions on P2X receptors, particularly P2X 3 receptors (7, 13, 26) . There is also evidence for an enhanced role for ATP in inflammation (25, 26) . In this study, we compared the effects of purinergic agonists, ATP and ␣,␤-meATP, either infused intravesically or applied to the serosal surface with the effects of CYP pretreatment on the activity of bladder afferent nerves. Our previous study indicated that 100 mg/kg ip CYP 17 h before experiments can cause cystitis and increased voiding frequency (35) . In the present study, we found that the threshold for evoked action potentials was decreased in CYP-pretreated preparations, while the peak afferent nerve firing to distention of the bladder and the area of the evoked action potential were significantly increased. These results indicate that CYP sensitized and/or activated mechanosensitive low threshold A␦ afferent fibers in rat urinary bladder. These results were similar to the effect of the purinergic agonists ATP or ␣,␤-meATP on bladder afferent nerves. The Values are means Ϯ SE. The number in brackets represents number of experiments. Measurements are significantly different before and after antagonists in CYP-treated preparations (*P Ͻ 0.05). The area of evoked action potentials was measured at submaximal stimulation (80 V, 0.15 ms).
peak afferent nerve firing induced by isotonic distension of the bladder at 10 cmH 2 O was significantly reduced by purinergic receptor antagonists TNP-ATP or PPADS in CYP-pretreated preparations, suggesting that purinergic receptors are tonically activated in CYP-irritated preparations and are involved in the cystitis-induced increased afferent nerve excitability. However, the P2X receptor antagonists did not significantly change afferent firing in nonirritated bladders. This finding indicates that an endogenously released purinergic agent has a tonic facilitatory effect on afferent nerves after CYP-induced cystitis but not in normal bladders. Smith et al. (42) reported that stretched evoked release of ATP from the urothelium is enhanced by CYP-induced cystitis, whereas the resting release of ATP was not changed. Other studies (5) revealed that bladder afferent neurons in the L6-S1 dorsal root ganglia from rats with CYP-induced cystitis exhibited a downregulation of P2X 3 and/or P2X 2/3 receptors. This was attributed to the massive release of ATP from the inflamed bladder tissue. It is not known whether a similar downregulation of P2X receptors occurs at afferent nerve terminals in the bladder wall with CYP-induced cystitis. However, in feline interstitial cystitis, a condition in which ATP release from the urothelium is also increased (2), P2X 3 receptor immunoreactivity in the urothelium was not changed, but P2X 1 receptor immunoreactivity was markedly reduced (3) .
In summary, this study provides evidence that purinergic agonists acting on P2X receptors in the urothelium or directly on suburothelial afferent axons can increase the excitability of bladder afferent nerves. Cystitis induced by CYP pretreatment can mimic the sensitizing effect of purinergic agonists, indicating that ATP may be involved in nociceptive mechanisms in the urinary bladder.
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